A Northern Great Plains regional survey of microbiological loads in flaxseed was completed for years 2008 and 2009. Effects of cleaning flaxseed on microbial loads including aerobic plate counts (APCs), mold counts (MCs) yeast counts (YCs), coliform counts (CCs), Escherichia coli counts, and Enterobacteriaceae counts (ECs) were determined. Chemical analyses including oil and linolenic acid -ALA indicated that all flaxseed had near normal oil content. This was the first reported survey for flaxseed. The pre-cleaned flaxseed had an average of 5.7 ± 0.1, 4.1 ± 0.2, 4.5 ± 0.2, 3.6 ± 0.1, and 3.0 ± 0.1 log colony forming units (CFU) g -1 of APC, CC, EC, YC and MC respectively. All counts were higher than those for cleaned seed. No E. coli was detected. The North Dakota-West (ND-W) region flaxseed had higher MC when compared to Canada, ND-North East (ND-NE) and ND-South East (ND-SE) region flaxseed. For APC, the counts were higher in flaxseed from Canada when compared to North Dakota. Cleaning the flaxseed should be considered an important step in reducing the microbial counts and also for maintaining high quality flaxseed.
Introduction
Flaxseed (Linum usitatissimum Linnaeus) is a rich source of alpha-linolenic acid (ALA) comprising up to 55% of the total flaxseed fatty acid content (Chen et al., 1994) . Hence, flaxseed's usage as a food ingredient has increased due to the positive results from health studies involving ALA, an omega-3 fatty acid (Morris & Vaisey-Genser, 2003) . Evidence suggests that ALA consumption can reduce the risk for coronary artery disease, fatal ischemic heart disease among women, and high blood pressure (Berry & Hirsch, 1986; Hu et al., 1999; Djoussé et al., 2001) . Apart from high ALA content, soluble fibre and proteins (22g g -1 of seed) are also found in flaxseed (Rubilar et al., 2010) . Flaxseed is also a good source for lignans that inhibits some types of diabetes as reported by Mueller et al. (2010) . In contrast to the health benefits of flaxseed, quality and safety traits of flaxseed for food-use have not been well defined. Flaxseed is commonly consumed raw, and variable and arbitrary standards exist for raw flaxseed. There is a need to understand what normal microbial loads are for raw flaxseed.
specifications for microbial criteria such as coliforms and enterobacteriaceae, which are essentially arbitrary numbers. Also, setting numbers for indicator microbes like coliforms and enterobacteriaceae is not logical as natural, non-fecal, bacteria on raw plant materials will give positive results for these tests (Doyle & Erickson, 2006) . To the best of our knowledge, there is a serious lack of data for establishing scientifically sound criteria for raw flaxseed microbiological quality and safety specifications.
The specific objectives of the study were to evaluate microbial, temporal and chemical aspects of flaxseed and especially, to study the effect of region and year on fatty acid contents of whole flaxseeds for food use. Hence, objectives for the study included collecting flaxseed samples over two-harvest periods for determining temporal, geographic region and cleaning effect on flaxseed microbial loads as well as their physical and chemical characteristics. 
Materials and Methods

Sample Collection
Flaxseed Cleaning
Flaxseed cleaning was done following the method described by Manthey et al. (2009) . A dockage tester (Carter Day International, Minneapolis, MN, USA) was used to remove weed seeds. The dockage tester was configured with a #25 riddle, #4 top sieve and #2 bottom sieve (no middle sieve was used). The air velocity was set at #3.5. Flaxseed that passed over the #2 sieve was collected. Flaxseed samples were passed through the tester two times.
Microbial Analyses
Microbial analyses were done on pre-cleaned and cleaned flaxseed to establish microbial loads for populations commonly tested for by the flaxseed industry. These tests included aerobic plate counts (APC), coliform counts (CC), E. coli counts, enterobacteriaceae counts (EC), mold counts (MC) and yeast counts (YC). The tests were done by following methods by Manthey et al. (2004) , which included use of Petrifilm products (3M Microbiology, St. Paul, MN, USA).
Physical and Chemical Analyses
The moisture content (%) and test weight (kg m -3 , converted from pounds per bushel to kg m -3 ) of the cleaned flaxseed samples were measured using the Grain Analyzer (GAC 2100, DICKEY-John, Auburn, IL, USA) following the standards set by Grain Inspection, Packers and Stockyards Administration (GIPSA, 2004) . The cleaned flaxseed samples (50 g) were ground using a Laboratory Falling Number mill (model 3100, Perten Instruments, Springfield, IL, USA). Crude oil content in ground samples (4 g) was determined using a 16-hr Soxhlet extraction with hexane following method Ba 3-38 (AOCS, 1998).
Fatty acid composition of the extracted oil was determined by a method described by Lee et al. (2003) . The fatty acids were hydrolyzed and determined as methyl esters. Analysis was done on a HP5890 gas chromatograph (Hewlett Packard, Palo Alto, CA, USA) which was fitted with a flame-ionization detector and equipped with a SP2330 fused silica capillary column (30 m × 0.25 mm, i.d., and 0.20 μm film thickness) (Supelco, Bellefonte, CA, USA). The chromatography conditions for 1 μL of sample injected were: column flow rate 1mL min -1 , initial column temperature 150 °C (held for 5 min), raised 10 °C min -1 to a final temperature of 180 °C, and injector and detector temperatures were held at 200 °C. Individual fatty acids (palmitic acid (PA), stearic acid (SA), oleic acid (OA), linoleic acid (LA), and linolenic acid (ALA)) were confirmed by retention times and quantified against peak area standard plots of known fatty acid concentrations.
Experimental Design and Statistics
The microbial count data were evaluated for the effect of year, region and type (clean or pre-clean). The effect of region and year was evaluated on physical and chemical characteristics including fatty acid contents of the cleaned flaxseed samples. Analyses of maximum likelihood parameter estimates were performed using the procedure for generalized linear model (PROC GENMOD) of statistical software SAS (Version 9.2; SAS Institute, Inc., Cary, NC, USA) for microbial counts. Analyses of least square estimates were performed using another procedure for general linear model (PROC GLM) of SAS to analyze the physical and chemical data. All statements of statistical significance are based on P < 0· 05.
Results and Discussion
Microbial Analyses
The temporal effect was evaluated on the microbial counts including APC, CC, EC, MC and YC (Table 1 ). The effect of geographical region, and type (pre-clean or clean) of flaxseed on microbial counts was also evaluated (Tables 2 and 3 ). The geographic region where the flaxseed was grown, year and type of flaxseed had a significant (P < 0.05) effect on the flaxseed APC and EC values. The pre-cleaned flaxseed APC ranged between 2.1 to 7.1 log CFU g -1 (Table 2) . Similarly, the average EC values in pre-cleaned flaxseed were 4.5 ± 0.2 log CFU g -1 , and ranged between 0 to 6.4 log CFU g -1 (Table 2 ). The APC and EC were significantly (P < 0.05) lower in year 2009 when compared to 2008 (Table 1) . Also, the APC were significantly (P < 0.05) higher in Canadian samples, when compared to the North Dakota region samples. The ND-NE, ND-SE and ND-W pre-cleaned flaxseed samples were not significantly different in the mean APC values ( Table 2 ). The mean EC were not significantly different among the pre-cleaned flaxseed obtained from different regions. Cleaning the flaxseed significantly reduced (P <0.05) APC and EC values. For cleaned flaxseed, the average APC were 5.0 ± 0.1 log CFU g -1 whereas the average EC were 3.7 ± 0.2 log CFU g -1 (Table 3) . Similar results were observed by Manthey et al. (2004) , where cleaning dirty wheat, on average, resulted in approximately a 1-log reduction in CFU g -1 for APCs. The pre-cleaned flaxseed contained foreign materials such as shaft and weed seeds, which may have contributed to higher microbial counts. The average CC values of 4.1 ± 0.2 log CFU g -1 and 3.4 ± 0.2 log CFU g -1 were observed, respectively in the pre-cleaned and cleaned flaxseed samples from 2008 and 2009 (Tables 2 and 3 ). Similar to the average EC values, there were no significant differences in average CC values among the four flaxseed production regions for both pre-cleaned and cleaned samples (Tables 2-3) . Also, no significant differences in CC values were observed between 2008 and 2009 flaxseed samples (Table 1) . Regardless of the microorganisms tested, the pre-cleaned flaxseed had significantly (P<0.05) higher microbial numbers. No E. coli were detected in the samples in either 2008 or 2009. The E. coli assay is a more reliable indicator of fecal contamination, and could serve as an alternative to the fecal coliform assay (Doyle & Erickson, 2006) . This reasoning also applies to the EC test.
The average YC and MC for pre-cleaned flaxseed from 2008 and 2009 crop years were 3.6 ± 0.1 log CFU g -1 and 3.0 ± 0.1 log CFU g -1 , respectively ( Table 2 ). The yeast counts were significantly (P <0.05) lower with a mean value of 3.0 ± 0.1 log CFU g -1 , and the mold counts significantly (P <0.05) reduced to 2.3 ± 0.1 log CFU g -1 in cleaned flaxseed (Table 3 ). The 2009 flaxseed yeast and mold counts also were not significantly (P>0.05) different when compared year 2008 (Table 1) . Also, when compared to ND-W region MC in pre-cleaned flaxseed were significantly (P <0.05) lower in samples of Canada, ND-NE and ND-SE regions; however, no such difference was observed among different regions for average YC counts in pre-cleaned flaxseed (Table 2) . In cleaned flaxseed, the average YC were higher in ND-SE and ND-W region samples were significantly (P<0.05) higher when compared to Canada and ND-NE samples. The MC, however, had higher average values in cleaned flaxseed from Canada and ND-W when compared to ND-NE and ND-SE region samples (Table 3) . The cleaned flaxseed microbial data falls in the range reported for cereal grains. Most of the flaxseed samples had APC in the range of 10 2 -10 5 (100 -100,000) CFU g -1 . Only a few samples had APC in the 10 6 -10 7 (i.e. 1 -10 million) CFU g -1 range. The APC between 10 2 and 10 6 CFU g -1 are common for cereal grains. Graves et al. (1967) , reported that in Kansas-Nebraska and Pacific Northwest regions, the wheat had total bacterial counts in the range of 15,000 -660,000 g -1 (4.2 -5.8 log CFU g -1 ) in wheat. In more modern times, and in clean wheat, the average APC was reported to be 7.2 ± 0.5 log CFU g -1 , 7 whereas for brown rice, it was around an average of 7.2 ± 0.3 log CFU g -1 (Skyrme et al. 1998 ). Yeast and mold counts are typically in the 10 2 and 10 4 CFU g -1 range for cereal grains. Cleaned flaxseed had yeast and mold counts that were 10 3 CFU g -1 or lower levels. They were similar to the values for wheat reported by Manthey et al. (2004) , where the average mold and yeast counts were 3.5 ± 0.8 log CFU g -1 . After cleaning, the CC ranged from none to 6.0 log CFU g -1 in flaxseed, whereas for the brown rice the CC were around 2.4 ± 0.6 log CFU g -1 according to Skyrme et al. (1998) . Furthermore, some flax producing regions did have higher counts than others (Tables 2 and 3) .
Chemical and Physical Analyses
The average test weight was 615.2 ± 6.4 kg m -3 for the flaxseed obtained from 2008 and 2009 crop years (Table  4 ). The test weight for the flaxseed from the 2008 crop year averaged significantly higher (P <0.05) than in year 2009 (Table 1) . As a result, the flaxseed obtained from some regions fell below the U.S. No. 2 grade while other samples met the grade No. 1. It should be noted that the additional cleaning may improve the lower test weight samples into the number 2 grade. Of the different regions involved, test weight of the flaxseed obtained from ND-NE and ND-SE were significantly (P <0.05) higher than in Canada and ND-W regions. A similar physical measurement of flaxseed, bulk density, was reported to be in the range of 556-727 kg m -3 when the moisture levels of the flaxseed was in the range of 6.1-16.8% (Coskuner & Karababa, 2007) . Variability in the moisture content was also observed. The highest moisture content was observed in seeds from the 2008 harvest year than in year 2009. The overall flaxseed averaged 7.2 ± 0.2 % moisture, with the highest moisture (8.6 ± 0.1 %) observed in flaxseed from Canada (Table 4 ). The Canadian samples had significantly higher (P<0.05) moisture when compared to ND-NE, ND-SE and ND-W regions. The production region did not appear to be the determining factor regarding moisture content as flaxseed obtained from ND regions, which were not significantly different from each other except for Canadian samples. Thus, the growth year and level of precipitation at harvest may have resulted in moisture contents being higher in 2008. However, the average moisture content between these two years was 7.2%. Generally, increased moisture contents of flaxseed have been reported to affect some of the physical properties of flaxseed, and in turn may also affect the processing, transport and storage of the flaxseed. Certain physical characteristics such as, one thousand seed weight, bulk density, true density and their relationship to flaxseed moisture content was studied (Coskuner & Karababa, 2007) . In that study, when the moisture of flaxseed increased from 6.1 to 16.8%, a linear increase in both one thousand seed weight (4.8 to 5.3 g) and true density (1000 to 1111 kg m -3
) was observed; whereas there was a decrease in bulk density from 727 to 556 (Coskuner & Karababa, 2007) .
The average oil content of flaxseed from 2009 was not significantly different than the average oil content from the 2008 crop (Table 1 ). The overall flaxseed oil content ranged from 36.1 to 46.5% and averaged at 41.9 ± 0.3% (Table 4 ). The oil contents of the samples are typical of those obtained from previous years typically analyzed in our laboratory. Historical data observed on North Dakota grown flaxseed indicates an oil level of 32-38% (Hettiarachchy et al. 1990 ). Higher oil content reported in the current study also indicates higher nutritive value of the seed grown in cooler climates. The only significantly (P<0.05) lower oil contents were seen in ND-SE region and rest of the regions were not statistically different in oil content (Table 4) . Also, the soxhlet with hexane extracted oil from flaxseed in the current study (range of 36.1 to 46.5%) was very similar in values (45.2% of oil) that were reported by Mueller et al. 2010 . Cultivars of the flaxseed were unknown and not analyzed.
The fatty acids (PA, SA, OA and LA) in the flaxseed oil varied among various regions that were tested (Table 5) . On average, PA, SA, OA and LA for the flaxseed in the present study were 5.2%, 2.8%, 20.4% and 16.2% respectively. The results were similar to those reported earlier by Bean & Leeson (2002) , who observed that the flaxseed had 5.6%, 3.2%, 18.5% and 14.4% respectively of PA, SA, OA and LA. In the present study, Canadian samples had significantly (P<0.05) lower average values of SA (1.7%) and LA (15.2%) when compared to ND regions. ND-SE region had significantly (P<0.05) higher average OA (23.8%) when compared to other regions; whereas ND-NE had significantly (P<0.05) higher PA (6.2%) ( Table 5 ). (Table 5) . Typical ALA values from flaxseed grown from the early part of the decade were 50-53%. The higher values recently might be explained by improved production practices or simply the effect of growing region. In general, the ALA content of flaxseed from the Northern regions appears to be the highest. The flaxseed from western Canada in 2004 had ALA content as high as 61.9% (DeClercq, 2005) , and in year 2009, it was reported to be about 58% (Barthet, 2010) . Flaxseed samples obtained from Canada in the present study had similar values with the highest average ALA content of 58.8%, followed by ND-W region (56.3%), and the lowest values were found in ND-SE region (51.4%). This observation supports the basic observations that cooler climates cause plants to produce higher levels of unsaturated fatty acids. Also, the high ALA content could have a positive impact on overall nutritive value and general health benefits for humans ranging from reducing blood cholesterol to reducing platelet adhesivenesss (Loria, 1993; Cunnane & Thompson, 1995; Guan et al., 1998; Oomah, 2001 (Akyuz & Mullins, 2008) . Rains during the harvest period may have contributed to the slightly higher moisture levels observed in the 2008 samples. Overall, the basis for the elevated oil and ALA contents in 2009 may be indicative of the cooled growing season and thus, differences between the two years in this study.
Conclusion
The pre-cleaned flaxseed had an average of 5.7 ± 0.1, 4.1 ± 0.2, 4.5 ± 0.2, 3.6 ± 0.1, and 3.0 ± 0.1 log colony forming units (CFU) g -1 of APC, CC, EC, YC and MC respectively. For cleaned seed, the microbial count averages were 5.0 ± 0.1, 3.4 ± 0.2, 3.7 ± 0.2, 3.0 ± 0.1, and 2.3 ± 0.1 log CFU g -1 of APC, CC, EC, YC and MC respectively. The cleaning of flaxseed was beneficial in reducing the microbial counts and should be considered an important step in maintaining high quality flaxseed. Only ND-W region had higher counts than other regions tested. For APC however, the counts were higher in flaxseed from Canada when compared to North Dakota. Although, the flaxseed samples obtained in 2008 and 2009 represent a typical year with regards to oil (average of 41.9 ± 0.3%) and moisture (average of 7.2 ± 0.2 %) contents. However, the high ALA contents (55.4 ± 0.6%) observed were unique for these two crop years. Although this survey evaluated a limited number of samples (54), the oil and fatty acid profiles indicate that the cooler growing seasons of 2008 and 2009 may have contributed to the higher ALA values. Overall, cool growing regions seem to have a positive effect on the overall ALA (chemical nutrients) content in the flaxseed. Also, cleaning of flaxseed can help in decreasing the overall microbial load on the seed.
